Background The aim of this study was to investigate the effects of the cytochrome P450 3A4 (CYP34A) inhibitor itraconazole on the pharmacokinetics and pharmacodynamics of orally and intravenously administered oxycodone. Methods Twelve healthy subjects were administered 200 mg itraconazole or placebo orally for 5 days in a four-session paired cross-over study. On day 4, oxycodone was administered intravenously (0.1 mg/kg) in the first part of the study and orally (10 mg) in the second part. Plasma concentrations of oxycodone and its oxidative metabolites were measured for 48 h, and pharmacodynamic effects were evaluated. Results Itraconazole decreased plasma clearance (Cl) and increased the area under the plasma concentration-time curve (AUC0-∞) of intravenous oxycodone by 32 and 51%, respectively (P<0.001) and increased the AUC(0-∞) of orally administrated oxycodone by 144% (P<0.001). Most of the pharmacokinetic changes in oral oxycodone were seen in the elimination phase, with modest effects by itraconazole on its peak concentration, which was increased by 45% (P=0.009). The AUC(0-48) of noroxycodone was decreased by 49% (P<0.001) and that of oxymorphone was increased by 359% (P<0.001) after the administration of oral oxycodone. The pharmacologic effects of oxycodone were enhanced by itraconazole only modestly. Conclusions Itraconazole increased the exposure to oxycodone by inhibiting its CYP3A4-mediated N-demethylation. The clinical use of itraconazole in patients receiving multiple doses of oxycodone for pain relief may increase the risk of opioid-associated adverse effects.
Introduction
Oxycodone is a semi-synthetic μ-opioid receptor agonist which is widely used in the treatment of both acute and chronic pain [1] The oral bioavailability of oxycodone is over 60% and it is extensively metabolised by duodenal and hepatic cytochrome P450 (CYP) isoenzymes. Only 10% of the oxycodone dose is excreted unchanged in the urine [2] [3] [4] [5] . The predominant metabolic pathway of oxycodone is CYP3A4-mediated Ndemethylation to noroxycodone, while a small part of the oxycodone undergoes 3-O-demethylation to oxymorphone by CYP2D6 [5, 6] . Further oxidation of these metabolites via CYP2D6 (and CYP3A4) yields noroxymorphone [5, 6] . Although the metabolites possess μ-opioid receptor activity, the relative contribution of the different metabolites to the central opioid effects are still to discussion [6, 7] .
The involvement of CYP enzymes in the metabolism of oxycodone makes it prone for drug interactions, and the inhibition of CYP3A4 and CYP2D6 enzyme activities may impair the metabolism of oxycodone. It has been shown that the inhibition of CYP2D6 with quinidine increases noroxycodone concentration and blocks the formation of oxymorphone, while the oxycodone concentration remains unchanged [8] . Voriconazole, an effective inhibitor of several CYP enzymes, profoundly delays the elimination of oxycodone [9] . On the other hand, rifampicin, a strong inducer of CYP enzymes, effectively enhances the elimination of both oral and intravenous oxycodone [10] .
Itraconazole is widely used in the treatment of superficial and invasive fungal infections [11, 12] . It is a potent and specific inhibitor of CYP3A and it has been the cause of clinically significant drug-drug interactions with many substrates of CYP3A [13] [14] [15] [16] . Similar to quinidine, itraconazole is also a potent inhibitor of the efflux transporter P-glycoprotein [17] . We hypothesised that itraconazole might have the potential to increase the plasma concentrations of oxycodone via inhibition of the CYP3A-mediated metabolism of oxycodone. We have therefore investigated the possible effects of itraconazole on the pharmacokinetics and pharmacodynamics of both intravenous and oral oxycodone in healthy subjects.
Methods

Subjects
Based on data reported in published studies [3, 18] , we calculated that ten subjects would be required to demonstrate a 30% difference in the area under the oxycodone plasma concentration-time curve (AUC) with a type I error of 5% and a statistical power of 80%. Written informed consent was obtained from 12 healthy nonsmoking volunteers (five men and seven women, age range 22-39 years, body mass index range 20-28 kg/m 2 ). Before entering the study, the volunteers were ascertained to be in good health based on a medical history, clinical examination, routine laboratory tests and electrocardiogram (ECG). The risk of participants developing aberrant opioid-related behaviour was estimated to be low as evaluated by the Finnish translation of the Abuse Questions [19] . Urine toxicology screens were negative. None of the volunteers was receiving any continuous medication, including contraceptive steroids, or natural products. Female subjects used safe non-hormonal contraception during the study. The study was conducted according to the revised Declaration of Helsinki, and it was approved by the Ethics Committee of the Hospital District of Southwest Finland and the Finnish National Agency for Medicines.
Study design
A four-session paired crossover study design was used. The volunteers were orally administered, in a randomised and balanced order, either 200 mg itraconazole (Sporanox; Janssen-Cilag S.p.A., Latina, Italy) or placebo once daily at 7 A.M. for 5 days. Oxycodone was administered on day 4, intravenously in the first part of the study and orally in the second part, and there was a wash-out interval of 4 weeks between the first and the second part of the study.
In the first part of the study, on two occasions, with an interval of 4 weeks, all volunteers received 0.1 mg/kg intravenous oxycodone hydrochloride (Oxynorm 10 mg/ml; Mundipharma, Bard Pharmaceuticals, Cambridge, UK), administered within a 2-min period, on day 4 at 8 A.M., 1 h after the fourth dose of itraconazole or placebo. One more dose of itraconazole or placebo was given on day 5. In the second part of the study, the volunteers were given correspondingly 10 mg of oral oxycodone hydrochloride (Oxynorm 10 mg capsules, Mundipharma, Bard Pharmaceuticals) with 150 ml of warm water. Blood samples were collected immediately before and 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 24, 48 h after administration of the oxycodone. An additional blood sample was drawn 0.25 h after intravenous oxycodone administration. In the first part of the study, another venous cannula was inserted into the opposite forearm for the intravenous administration of oxycodone. The behavioural and analgesic effects were evaluated prior to and at 1, 2, 3, 4, 5, 6, 8, 10 and 12 h after the administration of oxycodone, except for heat-pain analgesia, which was assessed prior to and 1 h after oxycodone dosing. Adherence with the itraconazole/placebo-dosing schedule was assessed by use of mobile telephone text messages. The volunteers fasted for 8 h before the administration of oxycodone, and were given standard meals at 4 and 8 h after its administration. They were not allowed to smoke or to drink grapefruit juice during the study. Alcohol, coffee, tea and cola drinks were not permitted on test days.
Blood sampling and drug analysis
On the test days, a forearm vein of each subject was cannulated with a plastic cannula and timed blood samples (10 ml) were drawn into ethylenediaminetetraacetic acidcontaining tubes. Plasma was separated within 30 min and stored at −70º C until analysis.
The plasma concentrations of itraconazole were quantified by high-performance liquid chromatography as described earlier [20] . The lower limit of quantification (LLQ) was 10 ng/ml. The interday coefficients of variation (CV) were 10.9, 5.7 and 4.1% at 40, 192 and 1200 ng/ml, respectively (n=5).
Plasma concentrations of oxycodone, noroxycodone, oxymorphone and noroxymorphone were analysed with the liquid chromatography tandem mass spectrometric method, as previously described [21] . The LLQ was 0.1 ng/ml for oxycodone and oxymorphone and 0.25 ng/ml for noroxycodone and noroxymorphone. The CV at 0.1, 5 and 100 ng/ml was 8.5, 3.5 and 2.5% (n=11), respectively, for oxycodone, and less than 10% for the rest of the analytes at relevant plasma concentrations.
Genotyping for CYP2D6 was performed using a twostep multiplex primer extension method [22] . The method allows the detection of 11 of the most relevant polymorphic positions, the assessment of whole-gene deletion and the duplication and allele composition of gene duplication.
Pharmacokinetic analysis
The peak plasma concentrations (C max ) and corresponding times of C max (t max ) of oxycodone and its metabolites were observed directly from the data. The areas under the oxycodone, noroxycodone, oxymorphone and noroxymorphone concentration-time curves were estimated by means of the trapezoidal rule with extrapolation to infinity [AUC(0-∞)]. We used the linear trapezoidal rule when successive concentration values were increasing and the logarithmic trapezoidal rule when successive concentration values were decreasing after the peak concentration value. For oxidative metabolites of oxycodone, we calculated the area under the metabolite plasma concentration-time curve from 0 to 48 h [AUC (0-48)]. The metabolite-to-parent drug AUC ratios (AUC m /AUC p ) were calculated as indexes of metabolism through different metabolic pathways. For each subject, the terminal log-linear phase of the oxycodone, noroxycodone, oxymorphone and noroxymorphone plasma concentration-time curve was identified visually, and the elimination rate constant (k e ) was determined by regression analysis. The elimination half-life (t½) was then calculated from the following equation: t 1 c2 ¼ ln 2=k e .
After the intravenous administration of oxycodone, plasma clearance (Cl) and steady-state volume of distribution (V ss ) of oxycodone were calculated by use of noncompartmental methods based on statistical moment theory. The oral bioavailability of oxycodone (F) was calculated as follows:
After the oral administration of oxycodone, we calculated the apparent clearance (Cl/F) and the apparent volume of distribution of oxycodone during elimination (V z /F). Pharmacokinetic variables of oxycodone, noroxycodone, oxymorphone, noroxymorphone and itraconazole were determined using the WinNonlin pharmacokinetic program (version 4.1; Pharsight, Mountain View, CA).
Pharmacodynamic measurements
Behavioural effects Behavioural effects of oxycodone were assessed with 100-mm visual analogue scales for the following items: alert/drowsy, very good performance/ very poor performance, no effects of the drug/very strong effects of the drug, unpleasant feeling/pleasant feeling [23] . The central co-ordination of extraocular muscles was evaluated using Maddox wing test, which measures horizontal heterophoria in diopters [24] . The central processing of sensory information was assessed with the digit symbol substitution test (DSST) [25] . The pupil size was measured with Cogan's pupillometry [26] . In addition, any adverse events spontaneously reported by the subjects were recorded.
Analgesic effects The cutaneous heat-pain threshold was determined using a feedback-controlled contact thermode (TSA-2; Medoc, Rehovot, Israel). This device delivers three heat-pain stimuli of slowly increasing (1°C/s) temperature to the right volar forearm. The size of the thermode was 30×30 mm. Heat increased linearly from a baseline temperature of 35°C until the subject reported the first sensation of pain by pressing a button. This temperature was recorded, and the temperature returned to baseline. The interval between the stimuli was approximately 30 s. To avoid sensitisation, testing site on the skin differed slightly. The heat-pain threshold was defined as the mean of the three temperature measurements.
The cold pressor test [27] was used to assess cold-pain sensitivity. The subject immersed his or her left hand up to the wrist in ice water at 0.5-2°C for 1 min. The latency in seconds from the immersion to the first sensation of pain was defined as the cold-pain threshold. During the immersion, the subject reported the intensity of cold pain at 30 s (CPI30) and 60 s (CPI60) using a numerical rating scale (NRS, 0=no pain, 100=maximum pain). If the pain became intolerable, the subject was allowed to withdraw his or her hand from the water. In such a case, the intensity and unpleasantness after withdrawal were recorded as maximum (100).
The area under the response-time curve for 12 h [AUC (0-12)] for all pharmacodynamic variables except for the heat pain test was determined using the trapezoidal rule.
Statistical analysis
Differences in pharmacokinetic and pharmacodynamic variables between the itraconazole and placebo phases were analysed using paired Student's t test except for t max , which was analysed with Wilcoxon signed-ranks test. The contributions of oxycodone and itraconazole to overall variance in heat-and cold-pain thresholds and cold-pain intensity were analysed by analysis of variance. The possible association of plasma concentration of oxycodone with pharmacological effect was calculated using Pearson's product-moment correlation coefficient. Pearson's product-moment correlation coefficient was also used to investigate the possible relationship between the ratio of the AUC(0-∞) of oxycodone during the itraconazole phase to AUC(0-∞) of oxycodone during the control phase and the AUC(0-48) of itraconazole. All data were analysed using the statistical program SYSTAT for Windows (ver. 10.2; SystatSoftware, Richmond, CA). The results are expressed as mean±standard deviation (SD) or median (range) whenever appropriate. P values<0.05 were considered to be statistically significant.
Results
Genotyping
In terms of metabolism mediated through CYP2D6, seven subjects were considered to be extensive metabolisers:, four with the CYP2D6*1/*1 genotype, two with the CYP2D6 *1/*4 genotype and one with the CYP2D6 *1/*41 genotype. One subject was an ultrarapid metaboliser through CYP2D6 metabolism, with the CYP2D6 *1/*1 genotype and gene duplication. Three of the remaining four subjects were considered to be intermediate metabolisers (CYP2D6*4/*41 genotype), and one was a poor metaboliser (CYP2D6*4/*4 genotype). The intermediate and poor metabolisers appeared to have higher oxycodone and noroxycodone AUC values and lower oxymorphone AUC values than extensive metabolisers during both study phases (Fig. 2) . The statistical significance of these observations was not tested because of the small group sizes.
Pharmacokinetics
Oxycodone Itraconazole decreased the plasma Cl of intravenous oxycodone by 32% (P<0.001) and increased its t½ from 3.8 h to 5.5 h (P=0.016) ( Fig. 1; Table 1 ). The AUC (0-∞) of intravenous oxycodone was increased 1.5-fold (P= 0.009) following itraconazole administration, and itraconazole also increased the mean C max and AUC(0-∞) of oral oxycodone by 1.4-fold (P=0.009) and 2.4-fold (P<0.001), respectively. The AUC(0-∞) of oral oxycodone was increased in all subjects by itraconazole, the greatest increase being 3.4-fold. The t ½ of oral oxycodone was prolonged from 4.0 h to 5.9 h (P=0.007), and the oral bioavailability was increased from 55 to 82% (P<0.001) by itraconazole ( Fig. 1; Table 2 ).
Noroxycodone Itraconazole decreased the C max of noroxycodone by 64% after the administration of intravenous oxycodone and by 71% after the administration of oral oxycodone compared to the control values ( Fig. 1 ; Tables 1  and 2 ). The AUC(0-48) of noroxycodone was decreased by 54 (P<0.001) and 49% (P<0.001) after the intravenous and oral administration of oxycodone, respectively. The corresponding metabolite-to-parent drug AUC ratios (AUC m /AUC p ) were decreased by 69 and 78% (P<0.001), respectively (Fig. 2) .
Oxymorphone and Noroxymorphone Itraconazole increased the C max of oxymorphone by nearly 1.5-fold in the oral part of the study. The mean AUC(0-48) of oxymorphone was significantly greater after itraconazole pre-treatment ( Fig. 1 ; Tables 1 and 2 ) in both phases of the study: 2.6-fold (P= 0.034) after intravenous and 4.6-fold (P=0.001) after oral oxycodone. Itraconazole decreased the AUC(0-48) of noroxymorphone by approximately 80% following the intravenous and oral administration of oxycodone. Intravenous oxycodone produced no quantifiable oxymorphone concentrations in two subjects after administration of placebo and itraconazole. Noroxymorphone was not quantified in seven subjects after itraconazole and intravenous oxycodone. Following itraconazole and oral oxycodone administration, all of the measured noroxymorphone concentrations of four of the subjects were below the LLQ.
Itraconazole The plasma concentration profile of itraconazole was similar during both phases (Fig. 3) . The mean plasma trough concentration of itraconazole just before the administration of oxycodone was 68 ng/ml (range 10-127 ng/ml) in the first part and 81 ng/ml (range 38-138 ng/ml) in the second part of the study. The values for AUC(0-48) of itraconazole were 6718±3438 ng ml −1 h in the first part of the study and 7304±3949 ng ml −1 h in the second part. In the control phase, no plasma itraconazole concentrations were detectable on the test days. There was no significant linear correlation between the plasma concentration of itraconazole and any of the itraconazole-induced changes observed in the pharmacokinetic or pharmacodynamic parameters.
Pharmacodynamics
Behavioural effects Following the oral administration of oxycodone, self-reported alertness, drug effect and deterioration of performance were significantly increased after the administration of itraconazole compared with placebo based on the AUC(0-12) (P<0.05). No other behavioural differences were observed (Fig. 4) . Although itraconazole appeared to increase the perceived subjective drug effect and drowsiness during the immediate period following the intravenous administration of oxycodone in the first part of the study, no statistically significant differences were observed (P=0.052). There was a statistically significant linear correlation between the behavioural effects and plasma oxycodone concentration (P<0.05 for all variables).
Analgesic effects Oral oxycodone did not increase the heat pain threshold in all subjects (P=0.521) and the magnitude of this change was not affected by itraconazole pretreatment (P=0.630). The maximum effect of oxycodone on the cold pain threshold and cold pain intensity scores were observed 1-2 h after oxycodone administration. Itraconazole did not enhance the analgesic effect of intravenous or oral oxycodone on cold pain intensity and unpleasantness when compared to placebo, and it also did not alter heat pain analgesia. 
Discussion
Our results clearly show that itraconazole affected the metabolism oxycodone administered intravenously and orally, particularly the latter. After intravenous oxycodone administration, itraconazole reduced the mean plasma Cl of oxycodone by 32%. Because the values for V ss remained essentially unaffected, the change in Cl was associated with a significant prolongation of the t ½ . After oral administration of itraconazole, the C max of oxycodone was increased 1.5-fold and the AUC(0-∞) by 2.4-fold. These changes resulted from an increase in the oral bioavailability of oxycodone and a decrease in its plasma Cl. Itraconazole greatly decreased the formation of both CYP3A-dependent metabolites of oxycodone, as evidenced by the decrease in the AUC m /AUC p ratios of noroxycodone and noroxymorphone, which explains the observed changes in oxycodone pharmacokinetics. Because CYP3A is expressed both in the gut wall and in the liver, the inhibition of CYP3A by itraconazole can occur at both sites. Accordingly, it is not surprising that itraconazole increased the mean AUC(0-∞) of oral oxycodone by 2.4-fold 95% CI, 95 % Confidence interval; Cl, plasma clearance; V ss ,steady-state volume of distribution; AUC(0-∞),area under the plasma concentration-time curve extrapolated to infinity; AUC(0-48), area under the plasma concentration-time curve 0 to 48 h after oxycodone administration; t ½ ,elimination half-life; C max , peak plasma concentration; t max ,time to peak plasma concentration; AUC m /AUC p ,ratio of AUC of metabolite to AUC of oxycodone Data are given as mean ± standard deviation (SD) (median and range for t max ). Percentage of control was calculated individually for each subject; mean and range of these individual values are reported compared with the 1.5-fold increase after intravenous oxycodone. Another explanation for the pharmacokinetic changes could be the inhibition of P-glycoprotein. Itraconazole is a potent inhibitor of P-glycoprotein [28] . If oxycodone were a substrate for P-glycoprotein, inhibition of intestinal P-glycoprotein would increase its oral bioavailability and concentrations. Moreover, inhibition of brain capillary endothelium P-glycoprotein would increase the penetration of oxycodone to the site of action in the brain and increase the opioid effects. Animal data on the role of P-glycoprotein in the pharmacokinetics of oxycodone is controversial [29, 30] . In addition, there are no human data suggesting that oxycodone would be a substrate for P-glycoprotein. Therefore, it seems likely that the observed pharmacokinetic changes were caused entirely by the inhibition of CYP3A. Following a single intravenous dose of oxycodone, itraconazole did not change the pharmacodynamic response Cl/F, Apparent oral clearance; V z /F,apparent volume of distribution during elimination; F=oral bioavailability;. Other parameters are defined in footnote of Table 1 Data are given as mean ± SD (median and range for t max ). Percentage of control was calculated individually for each subject; mean and range of these individual values are reported to oxycodone. However, after a single oral dose of oxycodone, the inhibition of CYP3A with itraconazole increased oxycodone-induced drowsiness, drug effect and deterioration of performance. Oxycodone also increased the heat pain threshold and decreased the cold pain sensitivity, but these changes were not altered by itraconazole. The minor effect of itraconazole on oxycodone-induced pharmacological response despite the clear changes in its pharmacokinetics is well in line with the log-linear relationship between drug concentration and effect and the relatively small dose of oxycodone used in our study [31, 32] . Azole antimycotics are known to have significant interactions with several substrates of CYP3A [15, 16, [33] [34] [35] . With respect to other substrates of CYP3A, itraconazole has been found to decrease the mean plasma Cl of intravenous midazolam by 69% and increase the AUC (0-∞) of oral midazolam by 660% [14] . Compared to midazolam, we found that the effect of itraconazole on the pharmacokinetics of intravenous and oral oxycodone was much smaller. This difference is plausible because, unlike midazolam, the elimination of oxycodone is not solely dependent on CYP3A enzymes as oxycodone is also metabolised by CYP2D6 [5, 6] . The smaller effect of itraconazole on oral oxycodone is also explained by the higher bioavailability of oxycodone as compared to midazolam [10, 14] .
To date, there is rather little information available on the pharmacokinetics of oxycodone in terms of the effect of drugs inhibiting CYP enzymes. Recent results obtained by our group show that the concentrations of oral oxycodone are profoundly increased by another antimycotic, voriconazole, which caused a 3.6-fold increase in the AUC(0-∞) of oxycodone [9] . Voriconazole thus appears to be a somewhat stronger inhibitor of CYP3A than itrazonazole.
Both itraconazole and voriconazole [9] cause much greater changes in the pharmacokinetics of oxycodone than quinidine, an inhibitor of CYP2D6 and P-glycoprotein [8] . This difference reflects the fact that the CYP3A-mediated N-demethylation of oxycodone to noroxycodone is about sevenfold higher than the CYP2D6-mediated Odemethylation to oxymorphone [6] . The effects of CYP2D6 inhibitors on oxycodone pharmacokinetics are even further alleviated by the compensatory increase in the CYP3A-dependent production of noroxycodone [8] .
There were seven extensive and one ultrarapid metaboliser through CYP2D6 among the test subjects. The subject with an ultrarapid CYP2D6 genotype appeared to have higher oxymorphone concentrations and lower oxycodone concentrations than the extensive, intermediate and poor metabolisers, respectively. Itraconazole appeared to cause a smaller increase in oxycodone concentrations in this single subject than in the others, suggesting that the CYP2D6 genotype may modulate the outcome of interaction between itraconazole and oxycodone. However, this conclusion is highly speculative due to the small number of subjects with the various genotypes in our study. Nevertheless, it cannot be ruled out that the inhibition of CYP3A enzymes in patients given oxycodone would have more clinical consequences in poor metabolisers through effects on metabolism mediated by CYP2D6 because these individuals have a lower capability to shift the metabolism of oxycodone towards the CYP2D6 pathway than other types of metabolisers.
To ensure the safety of the subjects, we administered only a low single dose of oxycodone. In the clinical setting, patients with cancer-related or chronic pain often receive much higher multiple doses of oxycodone. Thus, it is possible that in clinical practice the effect of itraconazole on the pharmacokinetics and pharmacodynamics of oral oxycodone may be more pronounced than that observed in this study. The clinical situation is also complicated by several confounding factors, such as age, concurrent diseases and concomitant mediation. Indeed, both age and possible renal or liver dysfunction can greatly influence the pharmacokinetics and pharmacodynamics of oxycodone [4, 36, 37] . Consequently, the results of our study may not be directly applicable to all patients.
In conclusion, we found that itraconazole strongly inhibited the elimination of oxycodone among our small group of subjects by decreasing its CYP3A-mediated Ndemethylation. As a result, the concentrations of oxycodone, especially after its oral administration, are greatly increased. This increase is reflected as only moderate changes in the behavioral effects of oxycodone. Dose adjustments of oxycodone may therefore be necessary during itraconazole treatment to avoid opioid-related adverse effects, especially when multiple doses of oxycodone are given orally.
